Abstract HIV-1 gp120 plays a critical role in the pathogenesis of HIV-associated pain, but the underlying molecular mechanisms are incompletely understood. This study aims to determine the effect and possible mechanism of HIV-1 gp120 on BDNF expression in BV2 cells (a murine-derived microglial cell line). We observed that gp120 (10 ng/ml) activated BV2 cells in cultures and upregulated proBDNF/ mBDNF. Furthermore, gp120-treated BV2 also accumulated Wnt3a and β-catenin, suggesting the activation of the Wnt/β-catenin pathway. We demonstrated that activation of the pathway by Wnt3a upregulated BDNF expression. In contrast, inhibition of the Wnt/β-catenin pathway by either DKK1 or IWR-1 attenuated BDNF upregulation induced by gp120 or Wnt3a. These findings collectively suggest that gp120 stimulates BDNF expression in BV2 cells via the Wnt/β-catenin signaling pathway.
Instruction
In 2015 about 36.7 million people around the world were living with HIV-1 infection and it resulted in 1.1 million deaths (http://www.who.int/hiv/en/). HIV-1 infection can lead to HIV-associated neurological disorders (neuroAIDS) of various severity (Abassi et al. 2016; Venkatachari et al. 2016 ). Chronic pain is one of the most common neuroAIDS, affecting >60% of HIV-1-infected patients (Yuan et al. 2014) . NeuroAIDS has been attributed to the combined effect of viral products (e.g., gp120, Tat) and host cell-derived factors (e.g., cytokines, excitotoxic amino acids, oxygen free radicals (Masliah et al. 1996) . Accumulating evidence suggests that alterations in the expression of neurotrophic factors also play an important role in NeuroAIDS (Soontornniyomkij et al. 1998 ).
Brain-derived neurotrophic factor (BDNF) is a member in the neurotrophin family of growth factors, which includes neurotrophin-3, neurotrophin-4/5, and nerve growth factor (Nosheny et al. 2005) . In this family, BDNF appears to exhibit the most potent activity in neural development and neuroplasticity (Mitchelmore and Gede 2014; Nosheny et al. 2005) . BDNF has also been implicated in the etiology of diverse types of neurological disorders (Harte-Hargrove et al. 2013) , such as depression (Manosso et al. 2015; Stuke et al. 2012) , schizophrenia (Notaras et al. 2015; Reinhart et al. 2015; Zhang et al. 2016 ), Alzheimer's disease (AD) (Phillips et al. 1991; Tapia-Arancibia et al. 2008 ), Huntington's disease (HD) (Borrell-Pages et al. 2006) , and Parkinson's disease (PD) (L'Episcopo et al. 2014) . Remarkably, many recent studies have shown that BDNF is emerging as a particularly important player in neuropathic pain (Coull et al. 2005; Inoue 2009; Itokazu et al. 2014) . Chronic pain is a common neurological comorbidity of HIV-1 infection, but the etiological cause and its underlying mechanism remain elusive (Yuan et al. 2014) . We reason that BDNF is correlated with HIVassociated pain.
Considerable experimental data indicate that the HIV-1 exterior envelope glycoprotein gp120 (HIV-1 gp120), which is shed from the virus, can cause neurotoxicity by multiple mechanisms (Nath et al. 2012) . Out recent study found that HIV-1 gp120 in postmortem tissues of the spinal cord dorsal horn was significantly higher in the pain-positive HIV-1 patients, compared to the pain-negative HIV-1 patients (Yuan et al. 2014) . Additionally, intrathecal injection of HIV-1 gp120 developed mechanical allodynia and visceral hyperalgesia in rodents (Yuan et al. 2014) . These findings suggest that gp120 may critically contribute to the pathogenesis of HIV-associated pain (Yuan et al. 2014) . However, the mechanism underlying HIV-associated pain induced by gp120 needs to be further elaborated. Because microglia are the major cells of chronic HIV replication and can synthesize BDNF to regulate pain pathogenesis (Li et al. 2008; Merighi et al. 2008; Zhu et al. 2001) , we investigate the effect and possible mechanism of HIV-1 gp120 on BDNF expression in BV2 cells.
Materials and Methods

Reagents
The antibody of BDNF(sc-546) was purchased from Santa Cruz Biotech (Santa Cruz, CA). Antibodies of GAPDH (ab37168), Tublin (AT819-1) CD11b(ab75476), goat antirabbit IgG H&L(HRP) (ab97051), and goat anti-mouse IgG H&L(HRP) (ab97023) were purchased from Abcam (Shanghai, China). Purified mouse anti-β-catenin (610153) was purchased from BD Biosciences (BD, USA). Recombinant mouse DKK1 (5897-DK-010), recombinant mouse Wnt3a (1324-WN-010/CF), and human/mouse wnt3a antibody(MAB1324-050) were purchased from R&D Systems (R&D, USA).
Drugs
HIV-1 gp120 (Bal) (HIV-1/Clade B) (IT-001-002p) was purchased from Immune Technology Corp (USA). gp120 purified protein was reconstituted at 1 mg/mL in sterile PBS filtered (0.2 μm pore filters) only and were aliquoted on ice (2 μL/tube), stored at −80°C. Before using, HIV-1 gp120 was immediately diluted to final concentrations of 10 ng/μL in PBS. Aliquots were kept on ice and cannot more than 1 h. Recombinant Wnt3a was dissolved in sterile PBS (100 ng/ μL), aliquoted (5 μL/tube), and stored at −80°C.
Cell Culture
The microglial cell line, BV2 cells, was purchased from Banca Biologicae Cell Factory (ICLC ATL03001). This is a murinederived cell line that may have limitations in producing relevant effects of gp120 that may produce with primary microglial cells. BV2 cells were cultured in Gibco's basic medium supplemented with 10% fetal bovine serum, 17 mM HEPES, 2 mM L-glutamine at 37°C in 5% CO 2 in a fully humidified atmosphere. The medium was changed every 2 days.
Cell Viability Assessment
The effect of HIV-gp120 on the BV2 cells cytotoxicity was assessed by MTT assay described by Mosmann (1983) . Briefly, BV2 cells (about 8000 cells/well) were plated in a 96-well plate and incubated overnight at 37°C in a 5% carbon dioxide saturated water vapor incubator. The final concentration of gp120 was 2, 10, 50, and 1000 ng/mL, respectively, were added into test group, the culture was continued for 12 h. Then, the old culture medium was moved, and 100 μL of fresh serum-free medium and 10 μL of MTT solution were added, and the further culture was continued for 4 h. After the end, carefully aspirated out of the culture medium, each hole by adding 150 μL DMSO, OD490 was measured by Microplate reader.
Western Blotting
The total proteins were extracted from the BV2 cells by cell lysis buffer for western (1% Nonidet P-40, 50 mM Tris-HCl pH 7.4, 1% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA pH 8.0) containing the protease inhibitor PMSF (sigma) on ice. After centrifugation (12,000 rpm, 10 min), the supernatant was collected and the protein concentration was detected using the BCA Protein Assay Kit (Beyotime). Equal amounts of protein (25 μg) were loaded and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 80 V for 30 min followed by 120 V for 90 min. Then, the proteins were transferred onto a PVDF membrane at 4°C for 90 min. The membranes were blocked with 5% skim milk for 120 min, then incubated with the primary antibodies 4°C overnight. The membranes were washed using Tris buffered saline supplemented with Tween-20 (TBST) 3 × 10 min and followed by incubation with the secondary antibodies (conjugated with horseradish peroxidase) for 1 h at room temperature. Then, washing with TBST three times and every time 10 min. The membrane was developed with enhanced chemiluminescence.
Statistics
All statistical analyses were carried out using Prism6 (Graphpad) software. The data were presented as mean ± SEM from at least three independent experiments. We used one-way ANOVA to evaluate the significance of the differences groups of data in all experiments; p < 0.05 was set as a significant criterion.
Result Effect of HIV-1 gp120 on BV2 Cell Viability
To determine the potential toxicity of gp120 on BV2 cells, we determined cell viability by MTT assays. We observed that compared to control, the viabilities of cultures treated with 2, 10, or 50 ng/mL gp120 (12 h) were 80.1, 79.7, or 80.5%, respectively. However, gp120 at the dose of 1000 ng/mL decreased the viability to 29.2%. We thus chose to use the dose of 10 ng/ml, which only showed modest toxicity, in the following experiments Fig. 1 .
Effects of gp120 on BDNF Expression in BV2 Cells
HIV-1 gp120 (10 ng/ml) were applied for 1, 3, 6, 9, 12, or 24 h, and BV2 cells were collected for Western blotting (WB) analysis of BDNF precursor (proBDNF) and mature BDNF (mBDNF). The results showed that compared with control, proBDNF, and mBDNF protein in BV2 cells stimulated with gp120 for 1, 3, and 6 h significantly increased, peaking at 3 h ( Fig. 2 a-c) . The expression of proBDNF and mBDNF returned to the baseline after 9 h.
HIV-1 gp120 Activated BV2 Cells
To assess the effect of gp120 on BV2 cells activation, BV2 cells were incubated with 10 ng/μL of gp120 for 6 h. More processes were found in BV2 cells after gp120 treatment (Fig. 3 a, b) , indicating that gp120 activated BV2 cells.
BV2 cells activation was further analyzed by WB of CD11b, marker of activated microglia (Roy et al. 2008) . Treatment with gp120 for 1, 3, and 6 h resulted in an over 50% increase in CD11b expression (Fig. 3c, d ). CD11b levels returned to baseline in BV2 cells by 24 h. These results confirmed the BV2 cells activation by gp120 (1-6 h).
gp120 Regulated Wnt3a and β-Catenin in BV2 Cells HIV-1 infection was shown to activate Wnt signaling pathways (Al-Harthi 2012; Butler et al. 2013 ). Shi reported that Wnt ligands and downstream effector proteins were specifically upregulated in the spinal dorsal horn of HIV patients with chronic pain , and that gp120 activated Wnt signaling (Li et al. 2013; Shi et al. 2013) . To test if HIV-1 gp120 affects Wnt signaling pathway in BV2 cells, we analyzed expression of Wnt5a (a representative of Wnt ligands in non-classical signal pathway) and Wnt3a (a representative of Wnt ligands in classical signal pathway) in BV 2 cells treated with gp120.
Results showed that Wnt5a did not change significantly in BV2 cells incubated with HIV-1 gp120 (0-24 h) (Fig. 4a, b) . Interestingly, Wnt3a and β-catenin were upregulated in BV2 cells treated with gp120 for 3 and 6 h. Wnt3a and β-catenin levels peaked at 3 h, with increase of 2.3-and 2.0-fold, respectively. These data suggested that gp120 activated the canonical Wnt/β-catenin signaling in BV2 cells.
Wnt3a Stimulates BDNF Expression in BV2 Cells
gp120 treatment not only upregulated BDNF but also activated the Wnt/β-catenin signaling in BV2 cells. To investigate whether BDNF expression is regulated by the Wnt/β-catenin signaling, we sought to test the effect of the activation of Wnt/ β-catenin signaling on BDNF in BV2 cells. We used different concentration (25, 50, 100 ng/mL) of Wnt3a to activate the canonical Wnt signaling in BV2 cells (0, 1, 3, 6 h). As shown in Fig. 5 b, Wnt3a treatment increased β-catenin in BV2 cells, indicating the activation of the canonical Wnt signaling. Intriguingly, expression of proBDNF in BV2 cells was also upregulated, following similar temporal profiles (Fig. 5 c) . These results indicated that the activation of the Wnt/β-catenin signaling induced BDNF expression in BV2 cells.
DKK1 Inhibits Wnt3a-or gp120-Induced BDNF Upregulation in BV2 Cells
To determine the effect of inhibition of the Wnt/β-catenin pathway on BDNF exrpresion, DKK1 (10, 50, or 100 ng/ mL) were added to BV2 cells for 1, 3, and 6 h. As shown in Fig. 6 , DKK1 downregulated β-catenin at 3 and 6 h, with evident effect at the concentration of 50 and 100 ng/Ml, indicating that DKK1 inhibited the Wnt/β-catenin pathway after 3 h. Similar temporal profiles of proBDNF and mBDNF downregulation were observed (Fig. 6) . To ensure the desired inhibitory effect, we hence chose 100 ng/mL of DKK1 in the subsequent experiments.
Next, we investigated the role of Wnt/β-catenin signaling in Wnt3a-induced BDNF expression. As shown in Fig. 7 , Wnt3a upregulated the expression of proBDNF and Fig. 1 Effects of gp120 on BV2 cell viability. BV2 cells were exposed to HIV-1 gp120 at the indicated doses for 12 h. Control cells were treated with phosphate buffer vehicle. Cell viability was analyzed by MTT assay. Error bar: standard error of the mean (***P < 0.001 versus control, n = 8, one-way ANOVA) mBDNF, similar to β-catenin. However, the upregulation of proBDNF and mBDNF was blocked by DKK1. These findings suggest that the Wnt3a-induced BDNF expression is mediated by the Wnt/β-catenin signaling pathway.
We also investigated the effect of DKK1 on gp120-induced BDNF, using an experimental design similar to the Wnt3a/ DKK1 studies in Fig. 7 . As shown in Fig. 8, DKK1 not only blocked gp120-induced β-catenin increase but also the increase of proBDNF and mBDNF. These results indicate that gp120 upregulates BDNF via the Wnt/β-catenin signaling pathway.
IWR1 Inhibits BDNF Upregulation Induced by gp120
To further test the role of Wnt/β-catenin signaling, we used another inhibitor IWR-1, which promotes β-catenin degradation (Chen et al. 2009; Lu et al. 2009 ). When incubated with BV2 cells, IWR-1 caused downregulation of proBDNF and mBDNF in a dose-(0.1~10 μM) and time (1~6 h)-dependent manner, similar to its effect on β-catenin (Fig. 9) , suggesting IWR-1 causes inhibition of BDNF expression. Among the doses tested, 10 μM exhibited the most powerful effect on reducing proBDNF and mBDNF. Thus, 10 μM of IWR-1 was chosen to perform in the subsequent experiments.
To investigate the effect of IWR-1 on gp120-induced BDNF expression, BV2 cells were treated with 10 μM of IWR-1. As shown in Fig. 10 , IWR-1 completely blocked the upregulation of β-catenin as well as proBDNF/mBDNF induced by gp120. These results further demonstrate that the Wnt/β-catenin pathway is critical for the upregulation of BDNF induced by gp120. Fig. 6 The effect of DKK1 on BDNF expression in BV2 cells. a BV2 cells were incubated with DKK1 (10, 50, 100 ng/mL) for 0, 1, 3, and 6 h. β-catenin, proBDNF, and mBDNF proteins were visualized by WB. b, c, d Quantification of β-catenin, proBDNF, and mBDNF on the blots. (*p < 0.05 vs control (0 h), **p < 0.01 vs control (0 h),***p < 0.001 vs control (0 h). n = 6, one-way ANOVA) Discussion HIV-1 gp120, an exterior envelope glycoprotein from HIV virus, has two main tropisms: macrophage/microglia tropic (M-tropic) and T cell tropic (T-tropic) (Bachis et al. 2010; Bissel and Wiley 2004; He et al. 1997; Moore et al. 1997) . Some similarities and differences were found between the two tropic gp120 (Bachis et al. 2006; Bachis et al. 2009 ). Both of them have toxic damage to neuron and other neural cells. However, the mechanisms and extent of neurotoxicity induced by M-tropic gp120 (such as gp120Bal) differed from that of T-tropic gp120(such as gp120IIIB) (Bachis et al. 2010 ).
Gp120Bal is M-tropic, which interacts with the CD4 receptor and the co-receptor chemokine receptor CCR5 (Bashir et al. 2015; Carrillo et al. 2015) (rather than CXCR4 for T-tropic gp120), and modulates various cellular processes (Pierson et al. 2004; Ru and Tang 2016) . Because this study focused on the gp120 effect on microglia, the M-tropic gp120Bal was chosen.
HIV-1 gp120 is neurotoxic and may contribute to the pathogenesis of various HIV-associated neurological disorders (Nath et al. 2012) . For example, the development of chronic pain in HIV-associated pain patients is closely related to the high level of gp120 in the spinal dorsal horn, and peri-spinal Fig. 9 The effect of IWR1 on β-catenin and proBDNF/mBDNF in BV2 cells. BV2 cells were incubated with IWR1(0.1, 1, 10 μM for 0, 1, 3, and 6 h. a β-catenin, proBDNF, and mBDNF were detected by western blotting. b, c, d Quantification of the β-catenin, proBDNF, and mBDNF. (*p < 0.05 vs control (0 h), **p < 0.01 vs control (0 h), ***p < 0.001 vs control (0 h). n = 6, one-way ANOVA) administered gp120 can cause a variety of pathological painrelated cellular and molecular abnormalities in mice that are similar to that observed in human patient biopsies (Yuan et al. 2014) . However, the mechanism by which gp120 causes the pain-related pathologies is incompletely understood. Because in animal models activated microglia are thought to play an important role during the pathogenesis of neuropathic pain (Beggs and Salter 2013; Inoue 2007; Taves et al. 2013; Taylor et al. 2015) , probably by releasing various regulatory signals such as BDNF (Inoue 2007) , which is a crucial signaling molecule between microglia and neurons (Coull et al. 2005) , we sought to investigate the effect of gp120 on BDNF expression in BV2 cells. We found that gp120 stimulation upregulated BDNF expression. Based on the proposed role of microglial BDNF in pain pathogenesis (Coull et al. 2005) , we reason that gp120 stimulated BDNF expression may contribute to the development of HIV-associated pain.
How does gp120 stimulate BDNF expression in BV2 cells? Our results suggest a critical role of the Wnt/β-catenin signaling in this process. We observed that gp120 stimulation activates Wnt/β-catenin signaling. Importantly, activation of this signaling by Wnt3a induces BDNF expression, while inhibition of this signaling pathway by DKK1 and IWR-1 blocks the BDNF up-regulation induced by gp120. These findings establish that the Wnt/β-catenin signaling pathway is not only sufficient to stimulate BDNF expression but also required for gp120-induced BDNF upregulation. Consistent with these findings, there are multiple β-catenin binding sites on the BDNF promoter .
Based on our results, we propose the following model for gp120-induced BDNF expression in BV2 cells (Fig. 11) . First, gp120 stimulates BV2 to up-regulate Wnt ligands (e.g., Wnt3a). The stimulated BV2 cells then secrete Wnt protein.
The secreted Wnt ligands bind to Frizzled receptors and LRP5/6 co-receptors and cause the stabilization and nuclear translocation of β-catenin. Once in the nucleus, β-catenin binds to the BDNF promoter to activate the transcription.
One more thing needs to claim that this study evaluated the effect of HIV-gp120 on murine microglia BV2 cells, not on human or rat microglia. BV2 cell line was originally generated from primary microglial cell cultures (Blasi et al. 1990 ) and has been used frequently as a substitute for primary microglia (Henn et al. 2009) . A wealth of evidence has revealed that BV2 cells exhibit many similarities with primary microglia (Cai et al. 2016; Crotti et al. 2014; Das et al. 2016; Henn Kim et al. 2003) . Therefore, the study presented here suggests that human or rat microglia may have some similarity cell responses to HIV-gp120.
